CD4 þ T-cell death is a crucial feature of AIDS pathogenesis, but the mechanisms involved remain unclear. Here, we present in vitro findings that identify a novel process of HIV1 mediated killing of bystander CD4 þ T cells, which does not require productive infection of these cells but depends on the presence of neighboring dying cells. X4-tropic HIV1 strains, which use CD4 and CXCR4 as receptors for cell entry, caused death of unstimulated noncycling primary CD4 þ T cells only if the viruses were produced by dying, productively infected T cells, but not by living, chronically infected T cells or by living HIV1-transfected HeLa cells. Inducing cell death in HIV1-transfected HeLa cells was sufficient to obtain viruses that caused CD4 þ T-cell death. The addition of supernatants from dying control cells, including primary T cells, allowed viruses produced by living HIV1-transfected cells to cause CD4 þ Tcell death. CD4 þ T-cell killing required HIV1 fusion and/or entry into these cells, but neither HIV1 envelope-mediated CD4 or CXCR4 signaling nor the presence of the HIV1 Nef protein in the viral particles. Supernatants from dying control cells contained CD95 ligand (CD95L), and antibody-mediated neutralization of CD95L prevented these supernatants from complementing HIV1 in inducing CD4 þ T-cell death. Our in vitro findings suggest that the very extent of cell death induced in vivo during HIV1 infection by either virus cytopathic effects or immune activation may by itself provide an amplification loop in AIDS pathogenesis. More generally, they provide a paradigm for pathogen-mediated killing processes in which the extent of cell death occurring in the microenvironment might drive the capacity of the pathogen to induce further cell death.
Introduction
The induction of progressive CD4 þ T-cell depletion, leading to immune dysfunction, is a hallmark of HIV1 infection. The mechanisms by which HIV1 induces CD4 þ T-cell death, however, remain a critical unresolved issue of AIDS pathogenesis. [1] [2] [3] [4] At least three major, nonmutually exclusive mechanisms have been proposed. The first one is the killing of productively infected CD4 þ T cells, caused either by direct viral cytopathic effects or by antiviral cytotoxic CD8 þ T lymphocytes. [5] [6] [7] The second one is the viral-mediated killing of bystander uninfected CD4 þ T cells, induced by the binding or entry of viral proteins that are released by infected cells, or that are present on, or inside, the viral particles. 1, 2, [8] [9] [10] The third proposed mechanism is excessive, ongoing immune activation caused by a high, persistent viral antigen load and leading to the activation-induced death of various uninfected immune cells, including CD4 þ T cells. 1, 2, 4, 8, 9 Evidence for the involvement of indirect mechanisms of CD4 þ T-cell killing has been provided by the identification in vivo [11] [12] [13] [14] [15] [16] and ex vivo [17] [18] [19] of increased number of dying, uninfected immune cells, including CD4 þ T cells, both in HIV1-infected persons and in non-human primate models of pathogenic simian immunodeficiency virus (SIV) infection, that are closely related to HIV. An important question is whether HIV1 may only cause death in activated, cycling CD4 þ T cells, or also in unstimulated noncycling CD4 þ T cells, which represent at any given time point the vast majority of the CD4 þ T cells in HIV1-infected persons. 3 Because most of the viral particles produced during HIV1 infection are replication-defective, 6 but can still bind to-, and enter into-CD4 þ T cells, viral proteins present at the surface or inside the viral particles have been proposed as candidates for the killing of noncycling CD4 þ T cells in the absence of productive infection of these cells. In vitro findings have suggested that among such viral proteins, the HIV1 surface envelope (Env) constitutes a major potential candidate for the HIV1-mediated killing of CD4 þ T cells in the absence of productive infection, 16, [20] [21] [22] [23] [24] [25] [26] through death signaling caused by engagement of either its cell-surface receptor, CD4 [27] [28] [29] or, for the Env of X4-tropic HIV1 strains, of its CXCR4 coreceptor. 25, 26, 30, 31 Incubation of noncycling, primary CD4 þ T cells with X4-tropic HIV1 viral particles has been previously reported to cause CD4 þ T-cell death, after a delay of 3-4 days. 32, 33 The aims of our study were first to confirm this latter finding, and then to investigate the mechanisms involved. Here we show that the presence of dying cells in the HIV1-producing cell culture -which is the source of the viral particles -is a crucial, previously unsuspected cofactor required for the HIV1 particles to cause bystander CD4 þ T-cell killing. In the presence of cellular components released by dying cells, CD4 þ T-cell killing required HIV1 entry into these cells, but did not result from Env-mediated CD4 or CXCR4 signaling, since pseudotyped HIV1 particles expressing the murine leukemia virus (MuLV) amphotropic Env instead of the HIV1 Env showed similar killing activity. Together, our in vitro findings imply that the extent of cell death occurring in vivo during HIV1 infection, whatever its causal mechanism and the nature of the dying cells, may by itself allow, in the presence of a sufficient amount of HIV1 particles, the induction of an additional, pathogenic mechanism causing further bystander CD4 þ T-cell killing. These findings may have important implications for our understanding of AIDS pathogenesis.
Results

X4-tropic HIV1 strains induce death of unstimulated primary CD4 þ T cells
We first used the well-characterized X4-tropic HIV1 laboratory-adapted strain LAI. CD4 þ T cells from the peripheral blood of healthy HIV-seronegative controls were purified by negative selection (495% pure) and incubated with increasing concentrations (from 5 to 500 ng p24/ml) of LAI virus collected from productively infected CEM T-cell cultures at the peak of viral production (around 8 days after infection). In the absence of additional stimulus, HIV1 induced a dosedependent process of CD4 þ T-cell death, which began to be detectable after 2 days and was maximal after 4 days (data not shown). While supernatants from uninfected control-CEM cultures caused less than 15% CD4 þ T-cell loss after 4 days, HIV1 (at a concentration of 500 ng p24/ml) led to the loss of more than 45% CD4 þ T cells, thus causing more than 30% CD4 þ T-cell death in excess of the control (Figure 1a ). Quiescent CD4 þ T lymphocytes are not permissive to HIV1 infection in the absence of additional stimuli. 34, 35 PCR analysis indicated the absence of detectable HIV1 proviral integration in the purified primary CD4 þ T cells after 4 days incubation with the virus (data not shown), and p24 ELISA analysis indicated the absence of detectable virus production (Figure 1b ), in contrast with the expected significant production induced after 4 days by PHA/IL2 stimulation (Figure 1b) . Pretreatment of CD4 þ T cells with an effective combination of the reverse transcriptase inhibitors AZT (1 mM) and ddI (1 mM) did not prevent HIV1-induced CD4 þ T-cell death (Figure 1a) , confirming that HIV1 proviral integration and expression were not required for the induction of cell death. Cell cycle analysis using either tritiated thymidine incorporation (data not shown) or flow cytometry analysis of propidium iodide staining (Figure 1c ) indicated that incubation with HIV1 did not cause entry in cell cycle, confirming that the viruses induced death of resting CD4 þ T cells. We then explored the effect on CD4 þ T-cell death of two treatments that prevent the HIV1 envelope protein (Env) from binding to its CD4 Figure 1 The X4-tropic HIV1 strain LAI induces death of noncycling purified primary CD4 þ T cells in the absence of productive infection. (a) Purified unstimulated CD4 þ T cells (10 6 /ml) were incubated with either supernatants from uninfected CEM cell culture (CEM SN) (lane 1), the HIV1 X4-tropic LAI virus (500 ng p24/ml) (collected from productively infected CEM cell culture supernatants at the peak of viral production (Lai) (lane 2), a combination of AZT and ddI (1 mM each) in the absence (lane 3) or presence (lane 4) of the Lai virus (500 ng/ml), the CD4-specific mAb Leu3a (10 mg/ml in solution) in the absence (lane 5) or presence (lane 6) of the same source of Lai virus (500 ng/ml), 500 ng of Lai that had been preincubated for 1 h with soluble recombinant CD4 (10 mg/ ml) (lane 7), or plate-immobilized CD4-specific (Leu3a XL) mAb (10 mg/ml) in the absence of virus (lane 8). (b) Purified unstimulated primary CD4 þ T cells were incubated with the HIV1 X4-tropic Lai virus (500 ng p24/ml) in the absence (Lai) or presence (Lai þ PHA/IL2) of 1 mg/ml PHA-P (Sigma) and 100 UI/ml IL2, and HIV p24 antigen production was measured after a 5-day culture. (c) Purified unstimulated primary CD4 þ T cells were incubated with supernatants from uninfected CEM cell cultures (CEM SN) (lane 1), or with the HIV1 X4-tropic Lai virus (500 ng p24/ml) in the absence (Lai) (lane 2) or presence (Lai þ PHA/IL2) of 1 mg/ml PHA-P (Sigma) and 100 UI/ml IL2 (lane 3). Percentages of cycling cells (in the S or G2/M phase) were assessed after a 4-day culture by flow cytometry analysis using propidium iodide staining. Percentages of specific cell death after a 4-day culture shown in (a) were calculated as indicated in Materials and methods. Background cell death levels (corresponding to 0% specific cell death) were less than 15%. All results shown in (a-c) are means7S.D. of four independent experiments each performed in triplicate cell-surface receptor, the preincubation of the CD4 þ T cells with the CD4-specific Leu3a antibody, 36, 37 or the preincubation of the viruses with a high concentration (10 mg/ml) of human soluble recombinant CD4 (sCD4). 38 Both treatments prevented the capacity of HIV1 to induce CD4 þ T-cell death (Figure 1a ), indicating that an interaction of the HIV1 Env with the CD4 cell-surface receptors was one of the events required for the induction of CD4 þ T-cell death. While the Leu3a antibody added in solution did not by itself affect CD4 þ T-cell survival (Figure 1a ), CD4 receptor engagement by plateimmobilized Leu3a induced death in the same proportion of CD4 þ T cells as HIV1 (Figure 1a) , consistent with previous reports, [27] [28] [29] [30] and with the suggestion that HIV1 Env-mediated engagement of its CD4 cell-surface receptor may by itself cause CD4 þ T-cell death. [20] [21] [22] 24 However, because CD4-specific antibodies may induce different cell signaling than HIV1 viral particles, we investigated whether HIV1-mediated CD4 þ T-cell death might rather be due to post-CD4-binding events. Preincubation of X4-tropic HIV1 with high concentrations of sCD4 blocks Env binding to both CD4 and CXCR4 cell-surface receptors, but preincubation with suboptimal sCD4 concentrations induces Env conformational changes that allow it to directly engage CXCR4, 39, 40 thus bypassing the prior requirements to bind the CD4 cell-surface receptor. A dose-response experiment indicated that while preincubation of LAI viruses with 10 mg/ml sCD4 prevented CD4 þ T-cell death, preincubation with 0.1 mg/ml sCD4 had no inhibitory effect (Figure 2a ). In contrast with untreated viruses, viruses preincubated with 0.1 mg/ml sCD4 induced CD4 þ T-cell death even when the cells were pretreated with the Leu3a antibody added in solution (Figure 2a) , which prevents Env binding to the CD4 cell-surface receptor, 36, 37 and HIV1-mediated CD4 þ T-cell death in the absence of virus preincubation with 0.1 mg/ml sCD4 ( Figure 1a ). This suggested, as previously proposed, 25, 26 that HIV1-mediated cell death might be due to post-CD4 binding events, such as HIV1 env engagement of its CXCR4 receptor. Consistent with a previous report, 30 plate-immobilized CXCR4-specific antibodies also induced CD4 þ T-cell death (Figure 2b ), although to a lesser extent than the virus. However, because the CXCR4-specific antibodies caused CD4 þ T-cell death both when plate-immobilized or when added in solution (data not shown), we could not use these antibodies to assess whether blocking HIV1 Env interactions with CXCR4 might prevent or reduce HIV1-mediated CD4 þ T-cell death.
Thus, to further investigate the potential role of the HIV1 coreceptors, we compared the effect on CD4 þ T-cell survival of two other X4-tropic HIV1 strains, NL4-3 and R9, that also use CXCR4 as a coreceptor, and of two R5-tropic HIV1 strains, BaL and ADA, that use the CCR5 chemokine receptor as a coreceptor. All viruses were collected at the peak of viral production from productively infected, CCR5-transfected CEM cells, which are permissive for infection and replication of both X4-tropic and R5-tropic HIV1 strains. The two additional X4-tropic strains induced CD4 þ T-cell death as LAI, while the two R5 strains did not affect the CD4 þ T-cell survival (Figure 2b) . Also, in contrast with the antibodymediated engagement of CXCR4, that of CCR5 did not induce CD4 þ T-cell death (Figure 2b ). Flow cytometry analysis of cell-surface expression of the CXCR4 and CCR5 receptors by purified primary CD4 þ T cells, as well as functional analysis of the chemotactic response of these CD4 þ T cells to the physiological chemokine ligands of these receptors provided a simple explanation for these findings. Indeed, CXCR4 expression on purified primary CD4 þ T cells was high, while CCR5 expression was very low (Figure 2c ), as previously reported, 41 and CD4 þ T cells showed a chemotactic response to the SDF1 agonist of CXCR4, but no significant chemotactic response to the MIP1 and RANTES agonists of CCR5 (Figure 2d ). In contrast with the X4-tropic HIV1 strains and with the CXCR4-specific antibody, the SDF1 chemokine did not induce CD4 þ T-cell death (Figure 2b ). The CXCR4- Figure 2 X4-tropic, but not R5-tropic, HIV1 cause death of noncycling purified primary CD4 þ T cells. (a) Purified unstimulated primary CD4 þ T cells (10 6 /ml) were incubated with the X4-tropic LAI viruses (Lai) (500 ng p24/ml, as in Figure 1 ) or with Lai viruses (500 ng p24/ml) that had been preincubated for 1 h with soluble recombinant CD4 (10 or 0.1 mg/ml, respectively) (Lai þ sCD4 10 or Lai þ sCD4 0.1) in the absence or presence of preincubation of the CD4 þ T cells with the CD4-specific mAb Leu3a (10 mg/ml in solution) for 1 h (Lai þ sCD4 0.1 þ Leu3a). (b) Purified unstimulated primary CD4 þ T cells were incubated with 500 ng p24/ml of either HIV1 X4-tropic viruses (Lai, NL4-3, or R9) or HIV1 R5-tropic viruses (BaL or Ada) collected from productively infected CEM-HIV1 LTR-GFP-CCR5 þ cells (see Materials and methods) at the peak of viral production; purified unstimulated CD4 þ T cells were incubated in the absence of virus with plate-immobilized CXCR4-specific (CXCR4 mAb XL) or CCR5-specific (CCR5 mAb XL) mAb (10 mg/ml), or with the SDF1 chemokine (100 nM). Purified CD4 þ T cells were incubated with the G-protein inhibitor Bordetella pertussis toxin (10 ng/ml) in the absence (PT) or presence of either 500 ng p24/ml Lai viruses (Lai þ PT) or of 10 mg plate-immobilized CXCR4-specific mAb (CXCR4 mAb XL þ PT). (c) Cell-surface expression of the CXCR4 and CCR5 chemokine receptors was assessed by flow cytometry analysis on purified unstimulated primary CD4 þ T cells after the purification procedure. (d) Quantitative chemotaxis migration assays. Purified unstimulated primary CD4 þ T cells were added, after the purification procedure, to the top chamber of a Transwell chamber while either medium alone or the SDF1, MIP1a or RANTES chemokines (25 nM) or both the SDF1 chemokine and the Bordetella pertussis toxin (SDF1a þ PT) were added to the lower chamber. After 2 h at 371C, cells that had migrated to the lower chamber were collected and counted using flow cytometry analysis. Results are expressed as fold increase in migration induced by each chemokine over medium alone. Percentages of specific cell death after a 4-day culture shown in (a, b) were calculated as indicated in Materials and methods. All results shown in (a, b, d) are means7S.D. of four independent experiments each performed in triplicate mediated chemotactic response to SDF1 depends on Gi protein signaling, which is inhibited by pertussis toxin. 42 While pertussis toxin blocked the chemotactic response of CD4 þ T cells to SDF1 (Figure 2d ), it did not prevent Lai (or CXCR4-specific antibody) from inducing CD4 þ T-cell death (Figure 2b) . Thus, a possible interpretation for our findings was that X4-tropic HIV1 might cause CD4 þ T-cell death as a consequence of Env binding to CXCR4, through a CXCR4 signaling pathway differing from that involved in its physiological response to SDF1, as previously proposed. 26 Another possibility, however, was that X4-tropic HIV1 did not cause CD4 þ T-cell death through either CD4 or CXCR4 signaling, but rather that killing was a postbinding consequence of viral entry into the cells. To discriminate between these possibilities, we decided to investigate the effect of chimeric X4-tropic NL4-3 viruses obtained by pseudotyping the HIV env with the amphotropic env of another retrovirus, the MuLV, that does not require interaction with CD4 or any chemokine receptor to enter into cells. 43, 44 Because we produced pseudotyped NL4-3 viruses by transfecting HeLa cells, we first explored the effect in our model of native NL4-3 viruses collected from transfected HeLa cells.
X4-tropic HIV1 NL4-3 requires cellular cofactors released by dying cells in order to kill unstimulated primary CD4 þ T cells
We incubated primary CD4 þ T cells with viruses (500 ng p24/ ml) purified and concentrated from supernatants of HeLa cells 48 h after transfection with a vector encoding the native NL4-3. Virus purification and concentration was performed by centrifugation through 0.45-0.1 mm pore size filters, thus retaining the 100-450 nm fractions. As a negative control, we used supernatants purified and concentrated by the same procedure from HeLa cells transfected with a control vector (p Blue Script), and as a positive control we used the same concentration (500 ng p24/ml) of NL4-3 viruses collected from supernatants of productively infected CEM cell cultures, as in the experiments described above (Figure 2b) . Surprisingly, NL4-3 purified from transfected HeLa cells did not affect CD4 þ T-cell survival (Figure 3a ). These NL4-3 viruses were replication-competent in CEM cells (data not shown), and acquired the capacity to induce death in primary CD4 þ T cells once they were purified after having been allowed to replicate in CEM cells (Figure 3a) . At this stage, we decided to explore the basis for this striking difference between these NL4-3 viruses (Figure 3a) , which seemed to depend on their cellular origin. Because HeLa cells, in contrast to CEM T cells, are not permissive for HIV1 entry and infection, we reasoned that one possible explanation for this difference might be due to the fact that HIV1 replication in permissive cells leads to HIV1-mediated cytopathic effects, the peak of cell death occurring at the period of peak viral production, the very time þ cells at days (D) 4, 8, or 50 postinfection, and purified as described in (a), and incubated (500 ng p24/ml) with purified unstimulated primary CD4 þ T cells (10 6 /ml) for 4 days. Results are means7s.d. of three independent experiments each performed in triplicate. (d) HeLa cells were transfected with either NL4-3 (HIV transfection þ ) or with a control plasmid (HIV transfectionÀ) and supernatants were purified as in (a). In some cultures, the transfected HeLa cells were UV irradiated for 5 min 33 h after transfection, and supernatants were purified as above 15 h after (48 h after transfection) (UV irradiation þ ). Purified unstimulated primary CD4 þ T cells (10 6 /ml) were incubated with viruses (500 ng p24/ml) purified from either living (UV irradiationÀ) or dying UV-irradiated (UV irradiation þ ) NL4-3-transfected HeLa cells, or with an equivalent volume of purified supernatant (100-450 nM fraction) from UV-irradiated control-transfected HeLa cells (HIV transfectionÀ). Results are means7S.D. of one representative experiment out of three performed in triplicate. (e) Purified unstimulated primary CD4 þ T cells (10 6 /ml) were incubated with either viruses (500 ng p24/ml) purified from living NL4-3-transfected HeLa cells (HIV þ ) or with supernatants from living control-transfected HeLa cells (HIVÀ), in the presence of an equal volume of purified supernatants (100-450 nm fraction) (SN) from either living control-transfected HeLa cells (Living HeLa), from dying UVirradiated control-transfected HeLa cells (HeLa UV), from dying, serum-deprived control-transfected HeLa cells (HeLa serum deprived), or from dying, serumdeprived PBMC (PBMC serum deprived). Results are means7S.D. of one representative experiment out of three performed in triplicate. Percentages of specific cell death after a 4-day culture shown in (a, c-e) were calculated as indicated in Materials and methods point at which we collected the virus from productively infected CEM cells in all above-described experiments. In contrast, HeLa cells, which are not permissive for HIV1 entry and infection, had no viability loss 48 h after transfection with the NL4-3 vector, the time point at which we collected the viral particles (data not shown). In productively infected CEM cells, both viral replication and cell death increased from day 4 to day 8 during the acute period of infection, and were very low in chronically infected cells at day 50 (Figure 3b ). When we incubated unstimulated primary CD4 þ T cells with equal concentrations (500 ng p24/ml) of NL4-3 viruses that had been purified from the CEM cell cultures at days 4, 8, or 50 after infection, the extent of CD4 þ T-cell death induced was highest for viruses collected at day 8 (the peak of cytopathic cell death) and lowest for viruses collected at day 50 ( Figure 3c ). We then decided to explore directly the hypothesis that the extent of cell death occurring in the HIV1-producing cell cultures may account for these results. We did so by investigating whether inducing cell death in the NL4-3-transfected HeLa cell cultures, prior to virus collection and purification, may be sufficient to endow these viruses with a capacity to kill unstimulated primary CD4 þ T cells. We transfected HeLa cells with either the NL4-3 vector or the control vector, and purified, in one-half of the cultures, the supernatants 48 h later as usual. In the other half of the NL4-3-and control-transfected HeLa cell cultures, we induced cell death either by UV irradiation (Figure 3d ) or by serum deprivation (data not shown) 15 h before supernatant purification (33 h after transfection). In contrast with viruses purified from living NL4-3-transfected HeLa cells, the same concentration of viruses purified from dying NL4-3-transfected HeLa cells induced death in primary CD4 þ T cells (Figure 3d ). Supernatants from dying control HeLa cells did not affect CD4 þ T-cell survival in the absence of virus addition (Figure 3d ). Together, our findings indicated that (i) NL4-3 viruses were devoid by themselves of any significant capacity to induce death of unstimulated CD4 þ T cell, and (ii) cellular and/or viral cofactors produced by dying NL4-3-producing cells were required to allow the viruses to induce CD4 þ T-cell death. We then investigated whether such cofactors could only be released by dying HIV1-producing cells, or whether they may also be released by any dying cell that did not express HIV1. We incubated primary CD4 þ T cells with viruses purified from living NL4-3-transfected HeLa cells, in the absence or presence of supernatant purified from either living or dying (UV-irradiated) control HeLa cells. Neither NL4-3 viruses purified from living HeLa cells nor supernatants from dying HeLa control cells affected CD4 þ T-cell survival by themselves (Figure 3e ), but their combination induced CD4 þ T-cell death (Figure 3e ). Supernatants purified from dying control HeLa cells or from dying control peripheral blood T cells in which death had been induced by serum deprival showed the same complementation effect, allowing viruses produced by living NL4-3-transfected HeLa cells to cause CD4 þ T-cell death (Figure 3e ). Together, these findings indicated that the cellular cofactors released by dying cells did not require the dying cell to express HIV, but could be released by neighboring uninfected dying cells, including primary T cells. Because we now had an in vitro model of HIV1-induced CD4 þ T-cell death operating with NL4-3 viruses produced by transfected HeLa cells, we could address our previous questions about the potential role of the HIV1 Env in the induction of this death process. (Figure 4a ). The purified viruses (500 ng p24/ml) were then incubated with unstimulated primary CD4 þ T cells in the presence of supernatants purified from either living or dying (serum deprived) control HeLa cells. In the presence of supernatants from dying HeLa cells, NL4-3/Denv did not affect CD4 þ T-cell survival, but NL4-3/MuLVenv induced CD4 þ Tcell death at levels that were not significantly different from those induced by native NL4-3 ( Figure 4b ). Thus, while the expression by NL4-3 of a retroviral Env protein was required for NL4-3 to induce CD4 þ T-cell killing in the presence of cellular factors released by dying neighboring cells, there was no specific requirement for the expression by NL4-3 of an HIV1 Env protein. Because the MuLV Env uses a high-affinity Na þ -dependent phosphate transporter as a receptor for entry into cells, 43, 44 these findings indicated that NL4-3 Envmediated CD4 and CXCR4 signaling were not required to cause CD4 þ T-cell death. Rather, CD4 þ T-cell death was a consequence of either a gp41-independent HIV1 fusion process with the cells or the entry of the HIV1 viral particles into the cells.
HIV1 Env and
The Nef protein is present, in small amounts, in the viral particle, 45 and has been reported to exert either pro-or antiapoptotic effects. [46] [47] [48] [49] To investigate the potential role of Nef, we used viruses purified from living HeLa cells transfected for 48 h with a vector encoding NL4-3 deficient in nef (NL4-3/Dnef) (Figure 4a ). NL4-3/Dnef viruses induced CD4 þ T-cell death when incubated in the presence of supernatants from dying control HeLa cells, ruling out a requirement for Nef in the death process (Figure 4b) . Together, our findings suggested that, in conjunction with cellular cofactor(s) released by dying cells, NL4-3 induces CD4 þ T-cell death through a process that (i) does not require HIV1 Env-mediated CD4 or CXCR4 signaling, (ii) requires viral fusion or entry into the cells, and (iii) depends on viral factors other than the HIV1 Env and Nef proteins.
CD95L released by dying cells is one of the cellular factors required by NL4-3 to induce death of primary CD4 þ T cells
We then investigated the potential nature of the cellular factor(s) released by dying cells that complemented NL4-3 in the induction of CD4 þ T-cell killing. Flow cytometry analysis of the 100-450 nm fractions of the supernatants from either dying (serum deprived) control HeLa cells or dying (serum deprived) peripheral blood mononuclear cells indicated that they both contained large numbers of microvesicle-like particles, while the 100-450 nm fractions of the supernatants from living HIV1-transfected HeLa cells contained only very few particles (Figure 5a) . Dying 50 or activated 51 T cells have been reported to release microvesicles of 100-200 nm in diameter carrying CD95 (Fas) ligand (CD95L), a member of the tumor necrosis factor (TNF) superfamily that interacts with the cell-surface death receptor CD95. 52 To investigate whether CD95L might be present in the 100-450 nm fractions of dying cells, and might act as a cofactor of NL4-3 in our model, we incubated unstimulated primary CD4 þ T cells with both viruses purified from living NL4-3-transfected HeLa cells and supernatants from dying (serum deprived) control HeLa cells, in the absence or presence of either a CD95-Fc chimeric immunoglobulin that prevents CD95L from binding CD95 or a TNFR1-Fc chimeric immunoglobulin that prevents TNF from binding both TNFR1 and R2 receptors. CD95-Fc, but not TNF R1-Fc, prevented induction of CD4 þ T-cell death (Figure 5b ). Cells can release CD95L either as a soluble, metalloprotease processed form of 26 kDa, or as a microvesicle-bound, (10 6 /ml) were incubated in the absence (NL4-3À) or presence (NL4-3 þ ) of viruses (500 ng p24/ml) purified (100-450 nm fraction) from living NL4-3-transfected HeLa cells and in the presence of purified supernatants (100-450 nm fraction) from dying, control-transfected HeLa cells that had been preincubated for 1 h with either CD95-Fc( þ ) or TNFR1-Fc( þ ) (10 mg/ml each) or with medium alone (À). (c) Western blot analysis, using a CD95L-specific mAb, of the purified supernatants (100-450 nm fractions) from living control-transfected HeLa cells 48 h after transfection (Living HeLa) or from dying, serum-deprived transfected HeLa cells 48 h after transfection (Dying HeLa), or of total Jurkat Tcell line extracts (Positive control). The 39-40 kDa band corresponds to the described MW of the unprocessed, microvesicle-bound form of CD95L. 52, 56 (d) Purified unstimulated primary CD4 þ T cells (10 6 /ml) were incubated with viruses (500 ng p24/ml) purified from living HeLa cells transfected with NL4-3 or with NL4-3/Denv, and with either supernatants from the Neuro-2a FasL cell line (Neuro-2a FasL), which contain microvesicle-bound, unprocessed CD95L, 57 or with soluble recombinant (sr)FLAG-tagged CD95L (50 or 100 ng/ml) crosslinked by FLAG-specific antibody (CD95L Flag). Percentages of specific cell death after 51, [53] [54] [55] Western blot analysis of the purified supernatants of living or dying (serum deprived) control HeLa cells, using a CD95L-specific antibody, showed the presence of a 39-40 kDa CD95L in the latter (as in the positive control Jurkat cell cytoplasmic lysates) and no detectable CD95L in the former (Figure 5c ). To further investigate the potential role of CD95L, we incubated CD4 þ T cells with supernatants from the Neuro-2a FasL cell line, which contain microvesicle-bound, unprocessed CD95L released by these cells. 55 Neuro-2a FasL supernatants induced high levels of CD4 þ T-cell death in the presence of NL4-3 viruses purified from living transfected HeLa cells, but not in the presence of NL4-3/Denv viruses (Figure 5d ). The microvesicle-bound, unprocessed form of CD95L has a higher aggregation degree, and hence death signaling efficiency, than its soluble 26 kDa form. 54 However, a similar aggregation degree can be achieved by crosslinking soluble recombinant (sr) FLAG-tagged CD95L, using FLAG-specific antibodies. 54 We incubated CD4 þ T cells with either FLAG-specific antibody-crosslinked soluble recombinant FLAG-tagged CD95L (srCD95L), noncrosslinked srCD95L, or the FLAGspecific antibody alone, in the presence of either NL4-3 or NL4-3/Denv viruses purified from living transfected HeLa cells. Crosslinked srCD95L synergized in a dose-dependent manner with NL4-3, but not with NL4-3/Denv in inducing CD4 þ T-cell killing (Figure 5d ), while neither nonaggregated srCD95L nor the anti-FLAG antibody affected CD4 þ T-cell survival (data not shown). In contrast with the supernatants from dying cells, however, both Neuro-2a FasL supernatants and crosslinked srCD95L induced some background level of CD4 þ T-cell death in the absence of NL4-3 viruses (data not shown). Thus, it is possible that the concentrations of bioactive CD95L present in the dying cell supernatants that we purified are lower than the concentrations of crosslinked srCD95L (50 and 100 ng/ml) that we used and/or that the aggregation degree of CD95L present in the dying cell supernatants is lower than that induced by the FLAG-specific antibody. Alternately, it is possible that some yet unidentified additional cellular factor(s), released by the dying cells, cooperate(s) with suboptimal concentrations of CD95L present in the dying cell supernatants to complement HIV1 in inducing CD4 þ T-cell killing. While these possibilities remain to be investigated, our findings strongly suggest that the engagement of the CD95 receptor on unstimulated primary CD4 þ T cells by microvesicle-bound CD95L released by neighboring dying cells is one of the cellular factors that cooperate with HIV1 in inducing death of these CD4 þ T cells.
Discussion
Here we identify a novel, indirect process of HIV1-mediated bystander CD4 þ T-cell killing that does not require productive infection of the target cells, but depends on the presence of neighboring dying cells. Previously proposed mechanisms for HIV1-mediated CD4 þ T cells cell death induction include the killing of productively infected CD4 þ T cells caused either by direct viral cytopathic effects or by antiviral cytotoxic T lymphocytes; 5-7 the killing of bystander CD4 þ T cells caused, in the absence of productive infection, by the binding or the entry of viral proteins released by infected cells or proteins present on or inside the viral particles; 1, 2, [8] [9] [10] and the activation-induced cell death of various uninfected immune cells, including CD4 þ T cells, caused by excessive, ongoing immune activation induced by high persistent viral antigen load. 1, 2, 4, 8, 9 An important implication of our findings is that each of these viral-or immune-mediated CD4 þ T-cell killing mechanisms might not only contribute to CD4 þ T-cell loss through a simple cumulative process; rather the extent of cell death occurring in vivo during HIV1 infection, whatever its causal mechanism and the nature of the dying cells, may by itself allow, above a given threshold and in the presence of a sufficient amount of HIV1 particles, the induction of an additional, synergic pathogenic mechanism causing further bystander CD4 þ T-cell killing. Our findings may thus help conciliate the often opposed views on the respective contributions of viral load and immune activation to progression toward AIDS, 4 since they provide a framework suggesting that viral production, viral cytopathic effects, immunemediated cell killing, and activation-induced cell death might all contribute to the induction of a common amplification process of CD4 þ T-cell depletion, which requires the presence of both HIV1 particles and dying cells.
Several in vitro findings have suggested that the HIV1 Env protein is a major candidate for uninfected bystander CD4 þ T-cell killing through death signaling triggered by binding to its cell-surface receptors. [20] [21] [22] [24] [25] [26] While our results confirm previous findings indicating that antibody-mediated engagement of CD4 or CXCR4 can indeed induce CD4 þ T-cell death, [27] [28] [29] [30] they also indicate that the interactions of the HIV1 Env protein with CD4 and/or CXCR4 are not responsible for the killing by HIV1 particles of unstimulated, noncycling primary CD4 þ T cells. Rather, in the presence of cellular factors released by dying cells, CD4 þ T-cell killing required the presence of the Env protein on the viral particle simply because of a requirement for HIV1 postbinding fusion or entry into the CD4 þ T cells. Accordingly, while the lack of Env prevented HIV1 from causing CD4 þ T-cell death, pseudotyped HIV1 particles expressing the MuLV amphotropic Env induced CD4 þ T-cell killing in the presence of cellular factors released by dying cells. Because the amphotropic Env of MuLV allows entry into cells through a high-affinity Na þ -dependent phosphate transporter, 43, 44 our results imply that neither HIV1 gp120 Env interaction with CD4 and/or CXCR4, nor HIV1 gp41 Env-mediated fusion is required for the induction of CD4 þ T-cell death in our in vitro model. Our findings also indicate that the Nef protein, present in small amounts in the HIV1 particles 45 and reported to either induce or repress cell death, [46] [47] [48] [49] is not required for the killing of noncycling CD4 þ T cells in our model. Tat, another HIV1 protein that has been found to either induce 21, 56, 57 or repress 58 cell death in vitro, is not present in the viral particles, but is released by HIV1-producing cells. 59 Therefore, it is possible that Tat was present in the 100-450 nm fractions purified from supernatants of living, HIV1-transfected HeLa cells that we used as a source of virus. However, because both the wild type and Denv HIV1 plasmids that we used encoded tat, and because the Denv HIV1 particles did not affect CD4 þ T-cell survival in the presence of cellular factors released by dying cells, our data suggest that Tat does not play a significant role in CD4 þ T-cell killing in our model. Interestingly, it was recently reported that the direct cytopathic effect of HIV1 in cycling, productively infected primary CD4 þ T cells does not require HIV Env interactions with its cellsurface receptors nor the presence of the Nef protein. 60 Whether the HIV1 factors required for the direct cytopathic effect of HIV1 in productively infected CD4 þ T cells 60 and for the indirect, bystander CD4 þ T-cell killing process that we identified here are, or not, the same is an important question that remains to be addressed.
The 100-450 nm fractions of supernatants from dying cells that cooperated with HIV1 in inducing CD4 þ T-cell death in our model contained microvesicles and CD95L, the latter being required for CD4 þ T-cell killing. Microvesicles, 61 presumably released by dying cells in vivo, and soluble CD95L, 62 which might either be released by activated or dying cells, have each been detected by independent studies in the plasma from HIV1-infected persons. 61, 62 Whether such soluble CD95L is expressed by the microvesicles in the peripheral blood from HIV1-infected persons, and is aggregated to a degree that allows it to complement HIV1 in inducing CD4 T-cell killing is an important question that remains to be investigated.
The X4-tropic HIV1 isolates that use the CXCR4 chemokine receptor as a coreceptor for entry into cells begin to predominate in HIV1-infected persons at the late stages of infection that precede the onset of AIDS. 63 In contrast, the R5-tropic HIV1, which use the CCR5 chemokine receptor as a coreceptor for entry into cells, predominate during most of the asymptomatic phase of HIV1 infection. 63 In vivo, CD4 þ T cells express both CCR5 and CXCR4. However, in vitro isolation of peripheral blood CD4 þ cells causes a rapid, almost complete, and persisting downregulation of CCR5 expression, although not affecting CXCR4 expression. 41 Because the HIV-mediated CD4 þ T-cell killing process that we identified in vitro required HIV1 entry into the CD4 þ T cells, the lack of killing activity of the R5-tropic HIV1 isolates might simply have been due to their inability to enter the CD4 þ T cells. Our findings indicated, however, that the killing activity of HIV1 in our model did not depend on the particular genetic make-up of their Env, since effective killing was induced by MuLV-Env pseudotyped HIV1 particles. Thus, because the major genetic difference between X4-tropic and R5-tropic HIV1 isolates concerns their Env, which dictates their coreceptor usage, 63 our findings suggest the possibility that in conditions in which CCR5 is expressed, R5-tropic HIV1s might induce the same CD4 þ T-cell killing process as X4-tropic HIV1s, when in the presence of dying cells. Assessing whether this is indeed the case might have important implications for our understanding of AIDS pathogenesis. Provided that the CD4 þ T-cell death mechanism we identified in vitro also operates in vivo, our findings imply that therapeutic strategies aimed at reducing the extent of T-cell activation and T-cell death in HIV1-infected persons might have unsuspected synergic effects with anti-retroviral therapy by reducing the amount of cellular cofactors below the threshold required for the induction by HIV1 particles of this indirect, bystander CD4 þ T-cell depletion process.
Finally, our findings also raise the broader question of the possible existence of similar synergic killing processes involving neighboring dying cells in the pathogenesis of other infectious pathogens.
Materials and Methods
Reagents and antibodies
Murine monoclonal antibodies (mAbs) with the following specificities were used: CD4 (Leu3a; Becton Dickinson, Mountain View, CA, USA); CD14, CD19, CD56, and CD8 (PharMingen, San Diego, CA, USA); CXCR4 (clone 12G5) and CCR5 (clone 45531.111) (R&D System, Abingdon, UK); and isotype controls. Labeled mAbs were FITC-labeled CD4-specific, PElabeled CD8-specific, and PC5-labeled CD14-specific mAbs (Becton Dickinson); FITC-labeled CXCR4-and CCR5-specific mAbs (R&D System), and isotype controls. For Western blotting, we used a mouse monoclonal CD95L-specific (F 37720, IgG1 isotype; Transduction Laboratories, San Diego, CA, USA) and a horseradish-peroxidaseconjugated sheep anti-mouse IgG F(ab 0 )2 fragment (NA9310; Amersham International). Soluble decoy proteins were human CD95-Fc immunoglobulin fusion protein (that binds CD95L) purchased from Alexis Corporation (San Diego, CA, USA), and TNFR1-Fc (that binds TNF and lymphotoxin) purchased from R&D System; the reverse transcriptase inhibitors AZT and ddI were purchased from Sigma (St. Quentin, France); the G-protein inhibitor Bordetella pertussis toxin was from Alexis Corporation; and the chemokines SDF1a, MIP1a, and RANTES were from R&D System. Other reagents were FITC-and PE-labeled annexin V (R&D System), DiOC6 (Molecular Probes, Eugenes, OR, USA), and Trypan blue dye (Sigma). Soluble recombinant human CD4 protein was a gift from D Klatzmann (CNRS ERS 107-CERVI, CHU Pitié-Salpetrière, Paris, France); the (FLAG)-tagged CD95L and the FLAG-specific antibody were kindly provided by P Schneider (Institute of Biochemistry, Epalinges, Switzerland).
Preparation of purified primary CD4 þ T cells
Heparinized venous peripheral blood was obtained from HIV-seronegative healthy donors (Centre de Transfusion Sanguine, Hôpital Bichat). PBMC were isolated from these samples by Ficoll-Hypaque gradient centrifugation density (Pharmacia) and then cultured in RPMI 1640 (Gibco/BRL, Gaithersburg, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum (Summit Biotechnology, Greeley, CO, USA), 2 mM Lglutamine, 1 mM sodium pyruvate, and penicillin/streptomycin (Gibco). After 24 h culture in plastic flasks, nonadherent cells were removed and CD4 þ T cells were purified by negative selection. Cells were incubated with a cocktail of CD14, CD19, CD56, and CD8 mAbs (1 mg/10 6 cells expressing the corresponding cell-surface molecule) and cultured for 2 h on a bidirectional rocking shaker at 41C. Then, magnetic beads coated with anti-mouse IgG (Dynal, Lake Success, NY, USA) were added to the cells, which were cultured for one more hour at 41C. A magnet was used to retain cells covered with antibody-beads complex, and nonattached purified CD4 þ T cells were collected. The purity of the remaining cell population assessed by flow cytometry with a FACScan (Becton Dickinson), using FITC-labeled CD4-specific, PE-labeled CD8-specific, PC5-labeled CD14-specific mAbs and isotype controls, was regularly found to be at least 95%. When so indicated, cell-surface expression of chemokine receptor on the purified CD4 þ T cells was assessed by flow cytometry analysis using FITC-labeled CXCR4-specific and CCR5-specific mAbs and isotype controls, after incubation of the antibodies with the CD4 þ T cells for 1 h at 41C.
Chemotaxis assay
Purified CD4
þ T cells were resuspended in ML10 at a concentration of 1 Â 10 6 /ml. Cells (100 ml) were then added to the top chamber of a Transwell chamber (6.5 mm diameter, 8 mm pore size with polycarbonate membrane, Corning Costar) while either the SDF1a, MIP1a or RANTES chemokines (25 nM) or medium alone was added to the lower chamber. Cells were allowed to migrate for 2 h at 371C in an atmosphere of 5% CO 2 , then migrated cells were collected in the lower chamber and counted by flow cytometry analysis using high fluiding speed for 4 min.
Cells and culture conditions
The purified primary CD4 þ T cells, the Neuro2a-FasL cell line 55 (kindly provided by A Fontana, Department of Internal Medicine, Zurich, Switzerland), the CEM-HIV1 LTR human T-lymphoblastoid cell line, which expresses both CD4 and CXCR4, and the CEM-GFP-CCR5 þ cell line (generous gift from A Gervaix, Geneva University, Geneva, Switzerland), which encodes the green fluorescent protein (GFP) under the control of the HIV-1NL4-3 LTR promoter, allowing a rapid determination of viral production, 64 and expresses the human CCR5 chemokine receptor following stable transfection, were all cultured in RPMI 1640 (Gibco/BRL, Gaithersburg, MD, USA) supplemented with 10% heatinactivated fetal bovine serum (Summit Biotechnology, Greeley, CO, USA), 2 mM L-glutamine, 1 mM sodium pyruvate, and penicillin/ streptomycin (Gibco). HeLa cells were cultured in DMEM supplemented with 10% FCS and antibiotics.
Virus preparation
Virus stocks of X4-tropic HIV1 laboratory isolates (LAI, R9, NL4-3) were produced by infecting either CEM cells or CEM-HIV1 LTR-GFP-CCR5 þ cells, as indicated. Virus stocks of R5-tropic HIV1 laboratory isolates (Ada, BaL) were produced by infecting the CEM-HIV1 LTR-GFP-CCR5 þ cells. Viruses were collected at the peak of viral production, after centrifugation of the culture supernatants (800 Â g for 10 min), followed, when so indicated, by filtration through 0.45-0.1 mm pore size filters, retaining the 100-450 nm fractions, and viral titers were normalized by p24 ELISA. In some experiments, viruses were collected from infected CEM-HIV1 LTR-GFP-CCR5 þ cells at days 4, 8, or 50 after infection, and purified as indicated above. When so indicated, NL4-3 viruses were also obtained by transfection of HeLa cells. Subconfluent HeLa cells were transfected with 30 mg of the full-length plasmid DNA encoding the X4-tropic virus NL4-3, using the calcium phosphate precipitation method. When so indicated, HeLa cells were transfected with 30 mg of plasmid DNA encoding either the NL4-3/Denv (deleted in env) that carries a deletion of its env gene from bp 6343 to bp 7611 (kindly provided by K Strebel, NIH, MD, USA), or the NL4-3/Dnef (deficient in nef) (kindly provided by O Schwartz, Institut Pasteur, Paris, France), obtained, as previously reported, by introducing a frameshift mutation at amino acid (aa) 35, leading to a premature stop at aa 47 of the 206-aa-long Nef protein. 65 MuLV amphotropic env pseudotyped NL4-3 viruses were obtained by cotransfecting HeLa cells with 20 mg of the DNA plasmid encoding NL4-3/Denv and with 10 mg of the DNA plasmid SV-A-MLV-env encoding the MuLV amphotropic env (kindly provided by N Landau, Aaron Diamond Center, New York, NY, USA 66 ). Control HeLa cells were transfected with the DNA plasmid encoding the control vector (p Blue Script). Cells were washed with PBS 12 h after transfection, and 20 ml of fresh DMEM þ 10% FCS were added. At 48 h after transfection, culture supernatants were collected, clarified by centrifugation (800 Â g for 10 min), filtered through a 0.45 mm filter and concentrated using centriconplus (Millipore) 0.1 mm filters retaining the 100-450 nM fractions, according to the manufacturer's protocol. Viral production was assessed by measuring p24 antigen concentrations using p24 ELISA (NEN, Life Science Products, Boston, MA, USA) and viral titers were normalized by p24 antigen concentration analysis using p24 ELISA.
Cell death induction
When so indicated, cell death was induced in transfected HeLa cells 33 h after transfection either by UV irradiation under a UV light, or by serum deprivation, culture medium being removed and replaced by RPMI 1640. At 48 h after transfection, the supernatant was collected, clarified by centrifugation (800 Â g for 10 min) and filtered through 0.45-0.1 mm pore size filters as described above. When so indicated, cell death was also induced in PBMC collected from healthy donors by culturing them in RPMI 1640 in the absence of serum. After 7 days, the supernatants were collected and purified as described above.
Measurement of cell death in purified primary CD4 þ T-cell cultures
Purified primary CD4 þ T cells (10 6 /ml) were incubated with either viruses (500 ng p24/ml), CD4-specific (Leu3a), CXCR4-specific, or CCR5-specific mAbs or isotype controls (10 mg/ml added in solution), or the recombinant chemokine SF1a (100 nM). In some experiments, viruses were preincubated for 1 h with soluble recombinant human CD4 protein (either 0.1 or 10 mg/ml), prior to incubation with the CD4 þ T cells. Incubation of CD4 þ T cells with plate-immobilized antibody was performed by coating plates with 10 mg/ml of CD4-, CXCR4-, or CCR5-specific mAbs or an isotype control in Tris-HCl buffer, pH 9.6, overnight at 41C, and washing, prior to the addition of CD4 þ T cells to the plate. When so indicated, CD4 þ T cells (10 6 /ml) were incubated with the filtered 100-450 nm fraction of living or dying HeLa cell supernatants, or of dying PBMC supernatants, in the absence or presence of viruses.
After 4 days of culture in vitro, cells were collected and counted in triplicate by light microscopy using Trypan blue dye exclusion, and FITClabeled annexin V. Absolute numbers of living cells (total number of cells counted by microscopyÀnumber of dying cells) was determined for each condition. The percentage of specific cell death induced by viruses or antibody was calculated as follows: 100À(number of living cells in the viruses or antibody condition/number of living cells in the medium condition) Â 100.
Cell cycle analysis
Purified primary CD4 þ T cells (10 6 /ml) were incubated with either supernatant from uninfected CEM cells or LAI virus (500 ng p24/ml) produced by infected CEM cells, in the absence or presence of 1 mg/ml PHA-P (Sigma) (100 UI/ml IL2). After 4 days of culture, cell cycle was assessed by flow cytometry analysis using propidium iodide staining as previously described. 67 
Western blotting
Cells (Jurkat cells) or the filtered 100-450 nm fraction of living or dying HeLa cell supernatants were incubated in SDS lysis buffer, boiled for 10 min, and centrifuged for 15 min at room temperature. Total protein was measured using the DC Protein Assay (Bio Rad Laboratories, Hercules, CA, USA). Equal amounts of proteins were boiled for 5 min in 2 Â Laemmli sample buffer with 2-bME and run on a 4/20% polyacrylamide gel (Bio-Rad). Proteins were transferred to a PVDF membrane (Bio Rad), and immunoblotted with a mouse CD95L-specific mAb and a horseradishperoxidase-conjugated sheep anti-mouse IgG F(ab 0 )2 fragment, followed by enhanced chemiluminescence (RPN 2109; Amersham International).
